Muscle insulin resistance is a key feature of obesity and type 2 diabetes and is strongly associated with increased intramyocellular lipid content and inflammation. However, the cellular and molecular mechanisms responsible for causing muscle insulin resistance in humans are still unclear. To address this question, we performed serial muscle biopsies in healthy, lean subjects before and during a lipid infusion to induce acute muscle insulin resistance and assessed lipid and inflammatory parameters that have been previously implicated in causing muscle insulin resistance. We found that acute induction of muscle insulin resistance was associated with a transient increase in total and cytosolic diacylglycerol (DAG) content that was temporally associated with protein kinase (PKC)θ activation, increased insulin receptor substrate (IRS)-1 serine 1101 phosphorylation, and inhibition of insulin-stimulated IRS-1 tyrosine phosphorylation and AKT2 phosphorylation. In contrast, there were no associations between insulin resistance and alterations in muscle ceramide, acylcarnitine content, or adipocytokines (interleukin-6, adiponectin, retinol-binding protein 4) or soluble intercellular adhesion molecule-1. Similar associations between muscle DAG content, PKCθ activation, and muscle insulin resistance were observed in healthy insulin-resistant obese subjects and obese type 2 diabetic subjects. Taken together, these data support a key role for DAG activation of PKCθ in the pathogenesis of lipid-induced muscle insulin resistance in obese and type 2 diabetic individuals.
Muscle insulin resistance is a key feature of obesity and type 2 diabetes and is strongly associated with increased intramyocellular lipid content and inflammation. However, the cellular and molecular mechanisms responsible for causing muscle insulin resistance in humans are still unclear. To address this question, we performed serial muscle biopsies in healthy, lean subjects before and during a lipid infusion to induce acute muscle insulin resistance and assessed lipid and inflammatory parameters that have been previously implicated in causing muscle insulin resistance. We found that acute induction of muscle insulin resistance was associated with a transient increase in total and cytosolic diacylglycerol (DAG) content that was temporally associated with protein kinase (PKC)θ activation, increased insulin receptor substrate (IRS)-1 serine 1101 phosphorylation, and inhibition of insulin-stimulated IRS-1 tyrosine phosphorylation and AKT2 phosphorylation. In contrast, there were no associations between insulin resistance and alterations in muscle ceramide, acylcarnitine content, or adipocytokines (interleukin-6, adiponectin, retinol-binding protein 4) or soluble intercellular adhesion molecule-1. Similar associations between muscle DAG content, PKCθ activation, and muscle insulin resistance were observed in healthy insulin-resistant obese subjects and obese type 2 diabetic subjects. Taken together, these data support a key role for DAG activation of PKCθ in the pathogenesis of lipid-induced muscle insulin resistance in obese and type 2 diabetic individuals.
lipotoxicity | insulin signaling D ecreased insulin-stimulated muscle glycogen synthesis, attributable to reduced insulin-stimulated glucose transport activity (1-3), plays a major role in the pathogenesis of type 2 diabetes (T2D) but the cellular and molecular mechanisms responsible for this abnormality remain unknown (4) (5) (6) .
Increased intramyocllular lipid content is a strong predictor of muscle insulin resistance in sedentary adults and children (7) (8) (9) . Previous studies in lipid-infused rodents have implicated lipidinduced increases in muscle diacylglycerol (DAG) content, leading to activation of PKCθ and subsequent decreased insulin signaling at the level of insulin receptor substrate (IRS)-1 tyrosine phosphorylation (10, 11) . Other studies have implicated increases in muscle ceramide (12) and acylcarnitine content attributable to incomplete fatty acid oxidation as causal factors in muscle insulin resistance (13) . Alternatively, inflammation and alterations in plasma and tissue adipocytokines have also been implicated in causing lipid-induced muscle insulin resistance (14) . Translating these findings to humans has been problematic and has led to inconsistent results (15, 16) . However, these studies did not provide a comprehensive analysis for all of these putative pathways under conditions of acute and chronic insulin resistance. Furthermore, it is possible that study-related differences regarding age and physical activity of the respective control groups could have contributed to the discrepant results.
In this study, we took a comprehensive view of all of the putative mechanisms that have been proposed to cause lipidinduced muscle insulin resistance by measuring these parameters in serial muscle biopsies in healthy, young, lean, sedentary humans before and during a lipid infusion to induce acute muscle insulin resistance. In addition, we also examined these same parameters in healthy insulin resistant obese subjects, as well as in insulin-resistant patients with T2D.
Results
Lipid-Induced Muscle Insulin Resistance. Plasma metabolites and hormones. Plasma fatty acid (FA) levels were comparable at baseline before glycerol (GLY) and lipid (LIP) infusion (LIP: 0.46 ± 0.07 mmol/L; GLY: 0.41 ± 0.05 mmol/L). Mean plasma FA concentrations increased during LIP (2.30 ± 0.14 mmol/L at 360 min vs. 0 min; P < 0.001) and remained unchanged during GLY (0.31 ± 0.06 mmol/L at 360 min vs. 0 min: not significant; LIP vs. GLY at 360 min: P < 0.001). Thus, during low-insulin clamps, fasting plasma insulin was replaced and lipolysis was not suppressed, as assessed from steady-state plasma FA levels during GLY. During high-insulin clamps, plasma FA increased during LIP (1.65 ± 0.10 mmol/L; P < 0.001: 510 min vs. 0 min) and decreased during GLY (0.10 ± 0.04 mmol/L; P < 0.01: 510 min vs. 0 min; P < 0.001: GLY vs. LIP at 510 min). Plasma
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Muscle insulin resistance is a major factor in the pathogenesis of type 2 diabetes, but the underlying cellular mechanisms are yet unclear. This study found that muscle diacylglycerol content was temporally associated with protein kinase Cθ activation and impairment of insulin signaling in human skeletal muscle. A similar relationship between muscle diacylglycerol content and protein kinase Cθ activation was observed in insulin-resistant obese and type 2 diabetic individuals. In contrast, we observed no relationship between other putative mediators of muscle insulin resistance including ceramides, acylcarnitines, or circulating adipocytokines. These data support the hypothesis that diacylglycerol activation of protein kinase Cθ and subsequent impairment of insulin signaling plays a major role in the pathogenesis of muscle insulin resistance in humans.
triglycerides increased during LIP and remained unchanged during GLY compared with baseline (290 ± 25 vs. 67 ± 13 mg/dL; P < 0.001). Plasma insulin concentrations were comparable at baseline (9.5 ± 3.3 vs. 13.3 ± 4.3 pmol/L) and after 4 h of LIP and GLY (9.8 ± 2.9 vs. 11.2 ± 2.6 pmol/L) but increased to 60 ± 2 and 61 ± 4 pmol/L (LIP and GLY) during the high-dose insulin clamp. C-peptide was suppressed to undetectable levels in nearly all subjects within 120 min of the clamp. Glucose metabolism, energy expenditure, and substrate oxidation. Insulin-stimulated whole-body glucose disposal was 61% lower (P < 0.001) during LIP than during GLY (3.8 ± 1.3 vs. 9.7 ± 3.8 mg·kg
) (Fig. S1 ). During LIP, glucose disposal was 50% and 63% lower in females and males (P < 0.005 and P < 0.001 each vs. GLY), respectively, without difference between the sexes. The respiratory quotient (RQ) did not change during LIP (0.79 ± 0.02) but increased during GLY (0.98 ± 0.03; basal vs. clamp; P < 0.005). During insulin stimulation, lipid oxidation fell by 32 ± 9% and 78 ± 22% in LIP and GLY (P < 0.001 vs. fasting), remaining higher in LIP (P < 0.01 vs. GLY). LIP reduced nonoxidative glucose use by 49% (P < 0.05 vs. GLY). Total plasma acylcarnitines did not change after 4 h of LIP (10.9 ± 0.9 vs. 12.1 ± 1.5 μM) and decreased by 45% after 4 h of the GLY (9.7 ± 0.8 vs. 5.4 ± 0.4 μM; P < 0.001). Myocellular lipid metabolites. During LIP, total muscle DAG doubled at 2.5 h (287 ± 45 nmol/g; P < 0.005 vs. baseline) and decreased at 4 h (215 ± 23 nmol/g; P < 0.05 at 2.5 vs. 4 h), remaining higher compared with baseline (P < 0.005, baseline vs. 4 h). Total DAG did not change during GLY. During LIP, total membrane DAG rose by 80% at 2.5 h (P < 0.01 vs. basal) and remained 40% higher at 4 h compared with baseline (P < 0.05, baseline vs. 4 h) (Fig. 1A) . Total membrane DAG did not change during GLY (Fig. S2A) . Certain membrane DAG species (C18:1, C16:0; C16:0, C20:4; C18:2, C18:0; C18:1, C18:0; C18:1, C18:1; C18:1, C18:2; C18:2, C18:2; C16:0, C18:2) were increased during LIP ( Fig. 2A ) but remained unchanged during GLY ( Fig. S3A and Tables S1 and S2). In LIP, total cytosolic DAG content increased by 80% at 2.5 h (P < 0.01 vs. basal) (Fig. 1A) , decreased by 36% at 4 h (P < 0.05 vs. 2.5 h), and remained higher compared with baseline (P < 0.01). During GLY, total cytosolic DAG did not change (Fig. S2A) . Certain cytosolic DAG species increased during LIP (C16:0, C20:4; C18:2, C18:0; C18:1, C18:1; C18:1, C18:2; C18:2, C18:2; C16:0, C18:2; Fig. 2B ) but remained unchanged during GLY ( Fig. S3B and Tables S1 and S2).
Total ceramides (Fig. 1A ) and individual ceramide species ( Fig. S4 A and B) did not change during LIP or GLY. Likewise, we observed no changes in myocellular acylcarnitines after 4 h of LIP or GLY (207 ± 27 vs. 181 ± 18 or 133 ± 5 nmol/g; n = 7), with a tendency for lower acylcarnitines during GLY (P = 0.051: basal vs. 4 h GLY; P = 0.071: GLY vs. LIP after 4 h). Activation of myocellular PKCθ. Translocation of PKCθ from cytosol to plasma membrane, reflecting activation of PKCθ, was not altered at 2.5 h but increased after 4 h of LIP (P < 0.05: LIP vs. GLY; P < 0.005: basal and 2.5 h vs. 4 h of LIP; Fig. 1B ). GLY did not affect activation of PKCθ (Fig. S2B) . Activation of PKC isoforms δ and e did not occur (Fig. 1B and Fig. S2B ). Myocellular insulin signaling. Phosphorylation at serine residues 1101 of insulin receptor substrate 1 (IRS1-Ser1101-Px) increased twofold (P < 0.005) at 4 h of LIP but did not change during GLY (Fig. 1C) . Hyperinsulinemia increased the membrane/cytosol ratio of Akt phosphorylation at serine 473 (Akt-Ser473-Px) by threefold during GLY (P < 0.001 basal vs. insulin) but not during LIP (Fig. 1D) . Accordingly, hyperinsulinemia stimulated phosphoinositide-3 kinase phosphorylation (PI3K-Px) by 184% (P < 0.05) during GLY but not during LIP (Fig. 1E) . Circulating adipokines and adhesion molecules. Plasma concentrations of interleukin (IL)-6 (2.09 ± 1.21 vs. 1.80 ± 1.02 pg/mL), adiponectin (7.7 ± 2.2 vs. 8.2 ± 1.0 μg/mL), retinol-binding protein (RBP)4 (21.3 ± 5.7 vs. 21.6 ± 4.6 μg/mL), and soluble intercellular adhesion molecule (sICAM)-1 (142 ± 26 vs. 153 ± 142 ng/mL) were comparable after 4 h of LIP and GLY. (0.50 ± 0.05 mmol/L), and in T2D patients (0.68 ± 0.06 mmol/L) and decreased during hyperinsulinemic-euglycemic clamps to 0.09 ± 0.02 in obese and to 0.13 ± 0.03 mmol/L in T2D (P < 0.001 vs. baseline). Fasting plasma triglycerides were higher in obese and T2D (112 ± 15 and 172 ± 15 mg/dL) compared with CON (97 ± 7 mg/dL; P < 0.05). During hyperinsulinemic-euglycemic clamps, plasma insulin concentrations were similar in all groups (control: 78 ± 7 pmol/L; obese: 73 ± 5 pmol/L; T2D: 60 ± 5 pmol/L). Glucose uptake, energy expenditure, and substrate oxidation. Physical activity was comparable between obese, T2D, and CON (Baecke index: 2.6 ± 0.6, 2.5 ± 0.7, 2.4 ± 0.5). Insulin-stimulated glucose disposal was 78% lower in obese (10.6 ± 3.8 vs. 1.6 ± 0.7 mg·kg −1 ·min −1 ; P < 0.005) and 88% lower in T2D (1.5 ± 1.0 mg·kg −1 ·min −1 ; P < 0.001) compared with CON (Fig. S5) . RQ did not change during the hyperinsulinemic-euglycemic clamps compared with fasting (obese: 0.79 ± 0.02 vs. 0.87 ± 0.04; T2D: 0.71 ± 0.06 vs. 0.88 ± 0.02). At baseline, lipid oxidation was 22% and 36% lower in obese and T2D participants than in CON. During the clamp, nonoxidative glucose utilization was 76% and 41% (P < 0.001) lower compared with CON. Plasma acylcarnitines did not differ between the groups (CON: 10.9 ± 0.8 μM; obese: 8.9 ± 0.9 μM; T2D: 11.3 ± 0.8 μM). Myocellular lipid metabolites. Total DAGs were 1.5-and 2-fold higher in obese and T2D participants compared with CON (P < 0.001 vs. CON) and did not differ between obese and T2D. Membrane DAGs were not increased in obese but 30% higher in T2D than in CON and obese (P < 0.001) (Fig. 3A) . Cytosolic DAGs were 85% and 120% greater in obese (P < 0.001 vs. CON) and in T2D (P < 0.005 vs. CON) (Fig. 3A) . Specific membrane ( Fig. 2C and Tables S1 and S2) and cytosolic DAG species ( Fig.  2D and Tables S1 and S2) were increased in obese and T2D patients. Neither total DAG or subcellular fractions differed between female and male participants. Total ceramides (Fig. 3A) and ceramide species (Fig. S4C) were comparable in all groups. Acylcarnitines did not differ between the groups [CON: 203 ± 25 nmol/g (n = 7); obese: 176 ± 22 nmol/g (n = 10); T2D: 175 ± 22 nmol/g (n = 10)]; however, given the limited number of samples in each group, a type 2 error cannot be excluded.
Correlation analyses of basal biopsy samples of the whole study population revealed that total cytosolic DAG correlated negatively with insulin sensitivity (M value) (r = −0.566; P < 0.001) but positively with body mass index (BMI) (r = 0.509; P < 0.005). After adjustment for BMI, C18:0 and C18:2 (r = −0.441; P < 0.05), C16:0-and C18:2-containing (r = −0.479; P < 0.05) cytosolic DAG negatively correlated with M value. In the membrane fraction, C18:0 and C20:4 (r = −0.416; P < 0.05), C18:0 and C18:2 (r = −0.492; P < 0.05), C18:1 and C18:2 (r = −0.403; P < 0.05), C18:2 and C18:2 (r = −0.410; P < 0.05), as well as C16:0-and C18:2-containing (r = −0.619; P < 0.005) DAG correlated negatively with M value, even after adjustment for BMI. C20:4-and C20:5-containing membrane DAG correlated negatively with BMI and positively with M value. Adjustment for M value abolished the associations of DAG species with BMI. Some cytosolic DAG species [C18:0, C20:4 (r = 0.379; P = 0.025); C18:2, C18:0 (r = 0.417; P = 0.013); C18:1, C18:2 (r = 0.340; P = 0.045); and C16:0, C18:2 (r = 0.348; P = 0.041)] and the following membrane species correlated with age: C18:2, C18:0 (r = 0.480; P = 0.004); C18:2, C18:2 (r = 0.445; P = 0.007); C16:0, C20:4 (r = 0.352; P = 0.038); C18:0, C20:4 (r = 0.352; P = 0.037); C18:1, C18:2 (r = 0.394; P = 0.019); and C16:0, C18:2 (r = 0.0365; P = 0.031). Adjustment for HbA 1c and M value abolished these correlations. Activation of myocellular PKCθ. Activation of PKCθ was 35% and 64% (P < 0.05 vs. CON) higher in obese and T2D than in CON and 22% (P < 0.05) greater in T2D than in obese. In contrast, there were no differences in activation of PKCδ and PKCe between groups (Fig. 3B) . PKCθ activation correlated negatively with M value (r = −0.575; P < 0.005) but positively with plasma FA (r = 0.428; P < 0.05), BMI (r = 0.436; P < 0.05), total cytosolic (r = 0.441; P < 0.05), and membrane DAG (r = 0.410; P < 0.05) and with specific DAG species (Table S3) . C18:2-or C20:4-containing DAG exhibited the strongest relationships with PKCθ activation and were increased in both the lipid infusion studies, as well as in the insulin-resistant obese subjects and T2D subjects. In contrast to the strong relationship between muscle DAG content, PKCθ activation, and muscle insulin resistance, there was no relationship between muscle insulin resistance and total or any specific ceramide species in skeletal muscle. Circulating adipokines and adhesion molecules. In obese and T2D, plasma concentrations of IL-6 (1.84 ± 1.02 and 1.70 ± 0.68 pg/mL), RBP4 (29.5 ± 10.3 and 33.2 ± 65.4 μg/mL), and sICAM-1 (191 ± 64 and 245 ± 58 ng/mL) were comparable to CON (1.78 ± 1.16 pg/mL; 21.4 ± 5.3 μg/mL; 145 ± 47 ng/mL). Plasma adiponectin concentrations were slightly lower in obese and T2D [3.70 ± 1.83 and 2.78 ± 0.85 μg/mL; P < 0.05 vs. CON (7.9 ± 1.4 μg/mL)].
Discussion
This study found that increasing plasma FA, by lipid infusion, leads to a transient increase in intramyocellular DAG species (C16:0, C18:0, C18:1, C18:2, and C20:4), which were temporally related to PKCθ activation, increased IRS1-Ser1101-Px, and impairment of insulin-stimulated PI3K activation and AktSer473-Px (Fig. 1F) . In contrast, lipid-induced muscle insulin resistance in these subjects was not associated with increases in intramuscular ceramide or acylcarnitine content or changes in circulating adipocytokines. Furthermore, muscle insulin resistance in obese and T2D individuals exhibited similarly increased cytosolic DAG content and PKCθ activation and no relationship with muscle ceramide or acylcarnitine content. Similar to the lipid infusion studies, the DAG species containing either C16:0, C18:0, C18:1, C18:2, or C20:4 FA showed the strongest relationship with PKCθ activation and insulin resistance in obese and T2D individuals.
Short-term elevation of plasma FA concentrations similarly reduced M values in both male and female volunteers, which argues against sex-related differences in the metabolic response to an acute lipid infusion (15, 16) . The decrease in M values induced by lipid infusion could mostly be attributed to decreased insulin-stimulated rates of nonoxidative glucose metabolism, which is consistent with previous studies demonstrating lipidinduced reductions in insulin-stimulated glucose transport/ phosphorylation activity, leading to reductions in muscle glycogen synthesis (3, 7, 17, 18) . The early blunting of the increase in glucose-6-phosphate during combined lipid and insulin infusion (1) argues against the putative role of lipid-induced reductions of pyruvated dehydrogenase activity and glucose oxidation as being responsible for the observed insulin resistance (19) . It has been postulated that impaired lipid oxidation (20) , interference of lipids with insulin-stimulation of ATP synthesis (21), or relative deficiency of glycolytic precursors of the tricarboxylic acid cycle leading to accumulation of acylcarnitines (13) Fig. 3 . Myocellular concentration of membrane and cytosolic DAGs and myocellular total ceramide concentrations (A) and activation of PKCθ, -δ, and -e (B) in young lean healthy controls (CON) (white columns; n = 16), in young obese humans (OBE) (dark gray columns; n = 10), and in elderly obese patients with T2D (black column; n = 10). Data are given as means ± SEM. *P < 0.05; lower glucose uptake. However, plasma and myocellular acylcarnitines were not increased during the lipid infusion or in the insulin-resistant obese and T2D subjects, and mitochondrial ATP synthesis only decreased after induction of muscle insulin resistance (22) , indicating that altered oxidative capacity is not a prerequisite for lipid-induced muscle insulin resistance. Overreplacement of insulin is unlikely to underlie differences of acylcarnitines between lipid and glycerol infusion protocols because plasma insulin concentrations were low and similar in both protocols. Previous studies in rodent models have implicated increases in myocellular lipid metabolites, such as ceramides and DAGs, with subsequent inhibition of insulin signaling as causal factors in the pathogenesis of lipid-induced muscle insulin resistance (5, 6, 10, 11, 23) . Studies in humans have been less conclusive because of conflicting results of studies with different experimental protocols, resulting in varying plasma FA concentrations and compositions (15, 16, 24) . By performing serial muscle biopsies before and during a lipid infusion, we found that total muscle DAG content increased transiently within 2.5 h and subsequently declined 4 h after starting the lipid infusion. These data are consistent with previous rodent studies demonstrating a transient increase in muscle DAG content during a lipid infusion (11) . This transient increase in muscle DAG content may explain the inability of some previous studies that failed to observe an increase in muscle DAG content in relation to muscle insulin resistance during a lipid infusion (25) . It is also possible that higher lipid oxidation rates or increased conversion of DAG to triglyceride by increased DAG acyltransferase (DGAT) activity in physically active persons might have prevented a lipid-induced increase in muscle DAG content (26) . In this regard, the present study was comprised of only sedentary participants, thereby avoiding possible confounding effects resulting from different levels of physical activity on lipid-induced muscle insulin resistance.
In this study, we infused somatostatin, to inhibit endogenous insulin secretion, and insulin, to maintain fasting plasma insulin concentrations, to avoid any potential confounding effects mediated by lipid-induced endogenous insulin secretion. Nevertheless, even subtle changes of plasma insulin levels can affect endogenous FA release (27) . We cannot distinguish between endogenous and exogenous FA but during this short-term lipidinduced muscle insulin resistance; the majority of the FA is provided by the infused lipid. Moreover, DAG did not increase during glycerol infusion experiments; thus, FAs from endogenous sources do not seem to play a major role in our model of shortterm muscle insulin resistance. Chronic insulin resistance was examined in fasting muscle biopsies obtained from insulin resistant obese and T2D subjects; thus, endogenous FAs played a prominent role for the increased muscle DAG content in these individuals. Although steady-state plasma FA and insulin concentrations did not change during the glycerol infusion in the low dose hyperinsulinemic-euglycemic clamp study, we cannot rule out that insulin might have been overreplaced in these experiments. This, together with the absence of growth-hormone replacement, might account for lower FA flux rates during the low-dose hyperinsulinemic-euglycemic clamp study with glycerol infusion (28) . However, replacement of plasma insulin was the same during glycerol and lipid infusions; thus, any effects of potentially suppressed endogenous flux rates of plasma FA on RQ and M values during the high-insulin clamp are rather unlikely.
This study also reports for the first time to our knowledge the temporal sequence of changes in muscle DAG composition and localization and insulin signaling in humans. Lipid infusion increased mainly DAG containing C18:0, C18:1, or C18:2 FAs and in addition membrane DAG with C16:0 and C20:4 FAs. Although composition of DAG species likely reflects the availability of FAs from circulating sources, we found that C16:0-, C18:1-, C18:2-, and C20:4-containing DAG were also increased in obese and T2D subjects, with C18:2 representing the most abundant residue in DAG species.
The rise in myocellular DAG content during the lipid infusion preceded the membrane translocation of PKCθ, which was observed at 4 h of lipid infusion in the absence of changes in PKCβ, PKCe, and PKCδ activities. These data are consistent with previous studies in rodents that have shown that lipid infusion leads to a transient increase in intramyocellular DAG content, PKCθ activation, and muscle insulin resistance (10, 11) . In vitro activation of different nPKC isoforms vary in response to different DAG species with different time courses and competitive effects of specific DAG species (29) . This might explain the difference between the present and previous findings of increased activity of membrane-associated PKCβII and PKCδ isoforms but unchanged PKCθ, PKCe, and PKCζ after a 6-h lipid infusion combined with a hyperinsulinemic-euglycemic clamp (15) . Furthermore, the present study also found that lipid-induced muscle insulin resistance was associated with increased myocellular IRS1-Ser1101-Px at 4 h of lipid infusion, which was associated with blunted insulin-stimulation of PI3K activation and AktSer473-PX in the membrane/cytosolic fraction. These data are consistent with a previous in vitro study demonstrating that increased IRS1-Ser1101-Px will lead to reduced insulin-stimulated Akt-Ser473-PX (30) .
Previous lipid infusion studies in humans provided evidence for impaired IRS1-Tyr-Px and PI3K-Px combined with reduced (31) or unchanged Akt-Px but did not assess lipid metabolites or nPKC activation (32) . Other studies failed to show impairment of insulin-stimulated IRS1-Tyr-Px, PI3K-Px IRS1, and AktSer473-Px despite reduction of insulin-stimulated glucose uptake (16, 17) . This inconsistency could result from differences in study protocols, such as combined lipid and insulin infusions, duration and dosage of lipid infusion, and timing of muscle biopsies, as well as from individual variation of the study participants (e.g., physical activity, age, and glucose tolerance).
Lipid infusion has also been shown to increase circulating cytokines and in turn induce a proinflammatory status and insulin resistance (33) . It has been proposed that saturated FAs can activate the innate immune system and inflammatory pathways via binding to toll-like receptor (TLR)4, which in turn leads to an increase in myocellular ceramide content, which will lead to insulin resistance by direct inhibition of Akt (23) . In this study, myocellular concentrations of total, as well as ceramide species, were comparable before and after lipid infusion and not related to the induction of muscle insulin resistance. This is consistent with some (15, 16) but not other studies in humans (34) . Although it is possible that the low content of saturated FAs in the lipid infusion used in the current study might explain this discrepancy, a recent study found that saturated fat-induced insulin resistance can occur independently of TLR4 activation and increased in tissue ceramide content (35) . Finally, markers of systemic inflammation, IL-6, adiponectin, RBP4, and sICAM-1, which have all been implicated in causing insulin resistance in obese and T2D (14) individuals, remained unchanged during the lipid infusion, thus dissociating these factors from lipid-induced muscle insulin resistance in this study (24) .
This study also found that increased muscle DAG content and PKCθ activation was strongly associated with muscle insulin resistance in obese and T2D individuals, independent of dyslipidemia. Enzymes involved in DAG synthesis (adipose triglyceride lipase) are negatively related to insulin sensitivity (36), whereas enzymes controlling DAG hydrolysis (hormone-sensitive lipase) or conversion to triacylglycerols are decreased in obese humans (36) . On the other hand, obese individuals with normal DAG content but increased triacylglycerols had higher muscle DGAT expression (37) . Thus, individual lipolytic control in skeletal muscle could modulate lipotoxic effects and thereby explain the difference between reports of unchanged (38, 39) or increased total muscle DAG in obese humans (40) . Previous studies found that the degree of DAG saturation associated positively (39), negatively (41), or not (38) with insulin resistance. We found that several cytosolic and membrane DAG species containing C16:0, C18:0, C:18:1, C18:2, and C20:4 were associated with both BMI and M value. After adjustment for BMI, the correlations were more pronounced in the membrane fraction and mainly driven by unsaturated FAs (C:18:1, C18:2, and C20:4) at one or two binding sites. Increased DAG species containing C:18:1, C18:2, and C20:4 were also associated with acute induction of muscle insulin resistance during the lipid infusion. We also found that C20:4, C20:5 membrane DAG species correlated positively with insulin sensitivity, which is consistent with previous findings in fat-fed animals (42) . Polyunsaturated FAs of muscle phospholipids, which were not measured in the present study, have previously been shown to positively correlate with insulin sensitivity and have been suggested to increase membrane fluidity and increased movement of lipid drafts and insulin signaling mediators (43) .
This study also addressed alternative mechanisms that have been proposed to cause muscle insulin resistance. We found no relationship between myocellular acylcarnitine concentrations and muscle insulin resistance during the lipid infusion or in insulin-resistant obese and T2D subjects, thus dissociating acylcarnitines from muscle insulin resistance under these conditions. Plasma acylcarnitines can be increased in insulin resistant humans, specifically during hyperglycemia, which has been attributed to intracellular deficiency of glycolytic precursors needed for complete lipid oxidation (44) . The participants in the current study were nondiabetic or metabolically well-controlled T2D, which might explain the normal plasma acylcarnitines. Finally, we found no differences in plasma concentrations of IL-6, RBP4, and sICAM-1 in our obese and T2D subjects, which is in accordance with some (45) but not all (46) studies. Only plasma adiponectin concentrations were slightly lower in obese and T2D subjects compared with control subjects.
In summary, by performing sequential biopsies during a lipid infusion, we were able to delineate the temporal sequence of events responsible for acute lipid-induced insulin resistance in human skeletal muscle. We found that raising plasma fatty acid concentrations led to a transient increase in myocellular DAG content (mostly C18:0, C18:1, or C18:2 species) at ∼2.5 h, which was temporally related to PKCθ activation, increased IRS1-Ser1101-Px, and decreased insulin activation of AKT2. We found a similar strong relationship between muscle DAG content and PKCθ activation with muscle insulin resistance in obese and T2D subjects. In contrast, we observed no relationship between myocellular acylcarnitine content or ceramide content, thus dissociating these metabolites from muscle insulin resistance under these conditions. Taken together, these data support the hypothesis that DAG activation of PKCθ plays an important role in mediating lipid-induced insulin resistance in human skeletal muscle and identifies this pathway as a relevant therapeutic target to prevent and reverse muscle insulin resistance in humans.
Experimental Procedures
Participants gave written informed consent before inclusion, which was registered (Clinicaltrials.gov Identifier no. NCT01229059) and approved by the local institutional ethics board of Heinrich Heine University. They underwent a screening procedure including clinical examination, and a standardized 75-g oral glucose tolerance test. We included the following: (i) young (20-40 y) lean (BMI of 20-25 kg/m 2 ) glucose-tolerant subjects without family history of diabetes; (ii) age-matched glucose-tolerant insulin-resistant obese subjects; and (iii) obese subjects with T2D (Table S4) . Exclusion criteria were smoking, medication affecting insulin sensitivity, lipid metabolism or immune system (acute or common) diseases, and a history of cancer. Female subjects were studied between days 5-9 of their menstrual cycle. For 3 d before every study day, participants refrained from physical exercise, consumed isocaloric diet, and fasted for 12 h before the start of the experiments. Subjects with T2D were on treatment with metformin (n = 8) or sitagliptin (n = 1). Glucose-lowering medication was withdrawn for 1 wk before the study.
Lipid-Induced Muscle Insulin-Resistance Study. The protocol is depicted in Fig.  S6 . Healthy young lean participants underwent two experimental conditions in random order. A pancreatic clamp was performed (−240 to 0 min) with continuous infusion of somatostatin (0.1 μg·kg −1 ·min −1 ; UCB Pharma) to inhibit insulin secretion. Insulin (Actrapid; Novo Nordisc) was applied to standardize fasting insulin levels (6 mU·m −2 body surface per minute, -240 to 0 min) and combined with infusion of D-[6,6-2 H 2 ]glucose (−360 to +150 min) as previously described (22) . Intravenous infusion of lipids (lipid infusion: n = 36; 20% (vol/vol) Intralipid; Fresenius Kabi) was administered (−240 to −230 min: 10 mL/h; −229 to +150 min: 90 mL/h) to raise plasma FAs. On another occasion spaced by 4-to 8-wk intervals, 2.5% (wt/vol) glycerol dissolved in 0.9% saline (glycerol infusion: n = 24; Fresenius Kabi) was infused (−240 to −230 min: 10 mL/h; −229 to +150 min: 90 mL/h).
Obese and T2D Subject Studies. The design is depicted in Fig. S7 . Common insulin resistance was investigated in insulin resistant obese (n = 10) and patients with T2D (n = 10) without severe dyslipidemia (triglyceride levels >300 mg/dL Indirect Calorimetry. Indirect calorimetry was performed using V max Encore 29n (CareFusion) at baseline (−330 to −300 min) and during steady-state high-insulin clamp conditions (120 to 150 min). Physical activity index was assessed according to Baecke et al. (48) .
Metabolites and Hormones. Blood samples were chilled and centrifuged, and supernatants were stored at −20°C. Blood glucose was measured using the glucose oxidase method (EKF biosen C-Line glucose analyzer; EKF Diagnostic). Serum triglycerides were analyzed by enzymatic assays on a Hitachi analyzer (Roche Diagnostics) and free FAs with the microfluorimetric method [intraassay coefficient of variation (CV), <1%; interassay CV, 2.4%; Wako] after prevention of lipolysis using orlistat (21) . High-molecularweight adiponectin was determined using the Adiponectin (Multimeric) ELISA kit from ALPCO Diagnostics. Intra-and interassay CVs were 5.1% and 8.2%. Plasma concentrations of TNFα and IL-6 were determined by Quantikine HS (TNFα and IL-6) and Quantikine (IL-1ra) ELISA kits from R&D Systems, as described (49) . For assessment of acylcarnitines, 50 μL of plasma or ∼200 mg of tissue was homogenized and centrifuged. The supernatant was passed through a reversed-phase cartridge (Sep-Pak C18; 500 mg; Waters), and the eluate was concentrated to 100 μL and injected into an API 6500 Qtrap (ABSCIEX). The limit of detection is 1 × 10 −6 nmol acetylcarnitine injection, corresponding to 3 pmol/g in tissue and 4.5 × 10 −4 pmol/μL in plasma, with a CV of 22%. The CV is 12% at 1 × 10 −5 nmol and 0.3% at 1 × 10 −4 nmol acetylcarnitine injections.
Skeletal Muscle Biopsy Samples. All study participants had muscle biopsies at baseline. Twenty-three of the CON underwent biopsies at baseline and during LIP after 2.5 and 4 h, 11 of those also during glycerol infusion. Thirteen CON had muscle biopsies at baseline and after 4.5 h of lipid and glycerol infusion after 30 min of the high-insulin clamp to examine insulin signaling during short-term insulin resistance. The region above the musculus vastus lateralis was anesthetized with local anesthetics (Xylocain 2%) (24), a muscle biopsy of ∼70-400 mg was obtained using a Bergstrom needle. Samples were immediately stored in liquid nitrogen and then frozen at −80°C.
Muscle tissue was homogenized in a buffer solution (20 mM Tris·HCl, 1 mM EDTA, 0.25 mM EGTA, 250 mM sucrose, 2 mM PMSF) containing a protease inhibitor mixture (Roche), and samples were centrifuged at 100,000 × g for 1 h. The supernatants containing the cytosolic fraction and the pellet consisting of the membrane fraction were collected. DAG and ceramide concentration were measured as previously described (50) .
Membrane translocation for PKC isoforms was assessed as described (51) . PKC translocation was expressed as ratio of membrane over cytosol bands on the same film.
For phosphorylation of IRS1-Ser1101, the membrane was probed with anti phospho IRS1-Ser1101 first and then stripped and probed again with antibodies for total IRS-1 (Cell Signaling). The membrane and cytosolic fractions were prepared using differential centrifugation to assess Akt-Ser473-Px (Cell Signaling). IRS1-associated PI3K activity was determined in muscle extracts after immunoprecipitation with IRS1 antibody/agarose conjugate overnight at 4°C.
Calculations and Statistics. All statistical analyses were performed using SPSS 6.0 software (SPSS). Data are presented as means ± SD throughout the text and as means ± SEM in the figures. Statistical comparisons between study groups were performed using ANOVA and repeated-measurements ANOVA with Tukey post hoc testing when appropriate. Within-group differences were determined using two-tailed Student t tests. Differences were considered significant at the 5% level.
